Microgrids}generating systems incorporating multiple distributed generator sets linked together to provide local electricity and heat}are one possible alterative to the existing centralized energy system. Potential advantages of microgrids include flexibility in fuel supply options, the ability to limit emissions of greenhouse gases, and energy efficiency improvements through combined heat and power (CHP) applications. As a case study in microgrid performance, this analysis uses a life cycle assessment approach to evaluate the energy and emissions performance of the NextEnergy microgrid Power Pavilion in Detroit, Michigan and a reference conventional system. The microgrid includes generator sets fueled by solar energy, hydrogen, and natural gas. Hydrogen fuel is sourced from both a natural gas steam reforming operation and as a by-product of a chlorine production operation. The chlorine plant receives electricity exclusively from a hydropower generating station. Results indicate that the use of this microgrid offers a total energy reduction potential of up to 38%, while reductions in non-renewable energy use could reach 51%. Similarly, emissions of CO 2 , a key global warming gas, can be reduced by as much as 60% relative to conventional heat and power systems. Hydrogen fuels are shown to provide a net energy and emissions benefit relative to natural gas only when sourced primarily from the chlorine plant.
INTRODUCTION
Pressures on existing fossil fuel supplies and energy infrastructure have put renewed emphasis on alternative methods for delivering efficient, clean, and reliable power. The current centralized, non-renewable fuel dominated energy infrastructure has been linked to local and regional air quality problems, global warming, depletion of limited resource stocks, and public safety risks (Tester et al., 2005) . In contrast to centralized generation, distributed generation is small-scale energy conversion occurring at or close to the load being served.
z Distributed generation technologies may provide electrical power only or both heat and power. These technologies may offer a more sustainable system for meeting energy needs. Advancements in distributed generation technologies, restructuring of the electric utility industry, barriers to development of new transmission lines, distribution system reliability concerns, and increasing attention focused on global climate change are driving rapid growth in implementation of distributed generation.
Microgrids are generating systems incorporating multiple distributed (grid independent or grid parallel) generator sets linked together to provide electricity and heat for a collection of local loads such as an office park, industrial complex, neighbourhood or campus. Microgrids offer the potential to utilize the best combination of power generation assets for meeting a given demand. For example, a microgrid may combine a solar photovoltaic (PV) array with a diesel generator to provide continuous power while utilizing renewable resources when available. Many of the benefits frequently associated with distributed generation also apply to microgrids, while microgrids also face many of the same challenges. Challenges that continue to provide barriers to the expansion of microgrids include the high capital costs of many technologies involved, the potential for more irregular power supply requiring various energy storage solutions, variable power quality and the necessity of power conditioning, limited fuel supply infrastructure, and the need for specially trained technicians to provide operation and maintenance (Abu-Sharkh et al., 2006) . Nevertheless, the potential advantages of distributed generation relative to centralized power have continued to drive microgrid development. These advantages include the flexibility to respond to changing conditions such as peak power requirements or changes in fuel supply, avoiding grid power outages, limiting the need for additional expansion of transmission infrastructure, the opportunity to recover some generating costs by selling power on to the grid (net-metering), the ability to limit emissions of carbon dioxide (CO 2 ) and other greenhouse gases amid growing concerns over global climate change, and the efficiency improvement opportunities offered by combined heat and power (CHP) technologies (Pepermans et al., 2005) . Strachan and Farrell found that a range of gas-fired distributed generation technologies with CHP capability offered emissions reductions relative to centralized power options. They generally attributed these reductions to the efficiency advantages offered by distributed generation when both heat and power were produced (Strachan and Farrell, 2006) .
As a case study, this analysis models the expected energy and environmental performance of the NextEnergy Microgrid Power Pavilion. This generating facility is currently under development at the future NextEnergy Center in the city of Detroit, Michigan. The analysis discussed here is based on the microgrid originally envisioned for the Power Pavilion. More recently, development efforts have focused on establishment of a test-bed for short-term technology investigation rather than supporting building energy needs. Nevertheless, generator sets and fuel types modelled here are based on the microgrid designed to meet site demand and provide a useful case study in microgrid performance. For the NextEnergy site overall annual electrical demand is expected to reach 656 MWh with 3.0 million MJ of heat required annually.
The Power Pavilion itself occupies approximately 520 m 2 of the 4200 m 2 Next Energy site (Microgrid at Michigan Power Pavilion, 2003) . The mircogrid includes six generator sets, three with CHP capabilities, providing a total electrical capacity of 504 kW. The generator sets included in the microgrid are shown in Table I . These generators are more than sufficient to meet expected building electrical and thermal loads. In the future, the Power Pavilion may be used to provide heat and electricity to a larger part of the surrounding community. This microgrid is being developed to demonstrate technology and allow for research on technology performance and design. Each generator set can be brought on-or off-line independently and the site includes conventional grid connectivity as well as conventional thermal HVAC and water systems.
METHODS
A complete understanding of the energy and environmental performance of microgrid systems requires a life cycle perspective. Life cycle assessment is an analytical technique for assessing the potential environmental burdens and impacts associated with a product system from the acquisition of the raw materials to the ultimate management of material remaining at the end of life (Keoleian and Spitzley, 2006; ISO, 1997) . Life cycle assessment is applied here in the evaluation of the energy and emissions performance of the NextEnergy microgrid and a reference conventional system. Life cycle stages included in the microgrid assessment are shown in Figure 1. 
Fuel cycle analysis
The energy and emissions associated with generator set production were generally negligible from a life cycle perspective. For example, the automotive derivative engines used in the NextEnergy Power Pavilion are similar in design, materials use and manufacturing to the automotive engines studied by Smith and Keoleian (2004) . Smith and Keoleian estimate that production of a 140 hp engine requires 11 600 MJ. This value is less than 0.01% of the total annual energy used in operation for the 108-225 hp engines studied here. The slight differences between the microgrid engines and those studied by Smith and Keoleian are not expected to have any dramatic effects on the relationship between production energy and operating energy. Therefore, generator set production is not included in the analysis. The one exception to this was the solar modules. These modules do not require fuel input during use which makes the production of the generator set a more important factor in the life cycle. The energy and emissions associated with the use of the solar modules was derived from research published by Keoleian and Lewis (2003) . Keoleian and Lewis found that similar amorphous silicon photovoltaic modules required 0.93 MJ for every kWh of electricity produced under conditions found in Detroit for a 20 year period. A value was also determined for CO 2 (63.5 g kWh
À1
) following a similar procedure. These values are used as the upstream input for the solar module generator set.
All of the non-solar microgrid generator sets are fueled by either hydrogen or natural gas. The hydrogen fuel for the microgrid is produced in central plants and delivered in liquid form via tanker truck to the Power Pavilion. Hydrogen can be delivered from either of two plants in the region. One facility is located approximately 420 km from the microgrid and produces hydrogen in a natural gas steam reforming operation. The other potential hydrogen supply source is a chlorine production operation located 400 km from the Power Pavilion.
In the case of hydrogen sourced from the chlorine production (chlor-alkali) facility, hydrogen is treated as a co-product in the manufacturing process and burdens are allocated on a mass basis to three salable products: hydrogen (approximately 1.4% by mass), chlorine (46%) and caustic soda (52%). Although hydrogen is not necessarily a renewable fuel, the electrolysis process used to produce this fuel is fed by electricity from a nearby hydropower plant making the hydrogen fuel partially renewable. The additional liquefaction processing step is also powered by the hydroelectric plant. However, the transportation of the liquid hydrogen product to the microgrid site is accomplished through the use of tanker trucks running on fossil fuels. Ultimately the hydrogen production, processing and transportation activities require 55.1 MJ kg À1 of hydrogen delivered. Of this, 51.1 MJ kg À1 are from renewable sources. In contrast, if the 13.7 kWh kg À1 H 2 that are supplied to the electrolysis and liquefaction processes were supplied by the mix of technologies represented in the U.S. grid rather than a specific hydropower plant, overall energy use per kg of H 2 would be expected to show a 216% increase (174 MJ kg À1 ). Under this scenario, renewable energy would represent less than 3% of the total system energy use.
Hydrogen sourced via natural gas reforming is assumed to follow the pattern of a typical steam reforming plant such as the one modelled by Spath and Mann (2001) . Spath and Mann considered a 1.5 million m 3 per day plant and provided an energy credit for steam generated as a result of the reforming reaction. Total energy associated with production of hydrogen via this method (including the natural gas that serves as the reformer input) is 183 MJ kg À1 of H 2 gas produced. An additional 159 MJ kg À1 are required to liquefy and transport the hydrogen. Natural gas supplied to the microgrid was assumed to follow national average patterns as reported in the U.S. LCI Database Project (NREL, 2005) . Accordingly, extraction, processing and delivery of natural gas to the Power Pavilion require 3.7 MJ m À3 . The total fuel cycle energy associated with the use of natural gas in the microgrid is 42 MJ m À3 . This includes both upstream processing and combustion of the fuel in a generator. Renewable sources are expected to account for less than 0.03% of the total energy used in the natural gas fuel cycle. No renewable energy is accounted for in the natural gas system. Energy content and fuel production requirements for both hydrogen and natural gas fuels are shown in Table II .
Model development
This model assumes static or steady-state annual operation of the microgrid. That is, the transient effects of start-up and shut down periods are not considered. For units operated continuously over long periods of time, transient effects are likely negligible. However, in actual operation of generator sets, especially co-generation units, for which start-up and shut-down are more frequent, transient effects may play a greater role than shown here. Static models such as the one used here may overstate the energy and emissions benefits of distributed generation relative to more dynamic models. Voorspools and D'haeseleer (2003) examined the installation of 360 MW e of centralized cogeneration capacity in both the industrial and commercial sectors in Belgium. They found that the relatively constant heat demand of the industrial sector provided good agreement between static and dynamic models. However, in the economy-wide commercial sector installation examined, static models overstated energy and greenhouse gas emissions benefits by more than 60% (Voorspools and D'haeseleer, 2003) . Voorspools and D'haeseleer have also examined a small-scale cogeneration unit for residential heating. Their analysis determined that the transient effects of heating during start-up lead to a 20% reduction in heat output during the first hour of operation following a cold-start (Voorspools and D'haeseleer, 2002) . Static models are used for the NextEnergy installation on the assumption that, on an annual basis, transient periods will be minimal compared to periods of continuous operation. Using a static model, the electricity (e) and heat (Q) generated by the microgrid system can be determined based on characteristic conversion efficiencies for each generator set (electrical conversion efficiency for generator set i ðkWh MJ À1 Þ ¼ Z e;i ; thermal conversion efficiency for generator set i ðMJ MJ À1 Þ ¼ Z Q;i ; solar module conversion efficiency ð%Þ ¼ Z solar ) combined with fuel energy input to each generator set (natural gas input to generator i at 100% load ðMJ yr À1 Þ ¼ E NG;i ; hydrogen input to generator i at 100% load ðMJ yr À1 Þ ¼ E H 2 ;i ; solar radiation (kWh yr À1 )¼ S) } and the load factor for each unit (a i ) according to Equations (1) and (2), respectively.
In a similar fashion, generator set fuel use combined with the upstream energy use data (upstream natural gas fuel cycle energy (MJ MJ À1 )=U NG , upstream hydrogen fuel cycle energy ðMJ MJ À1 Þ ¼ U H 2 ; solar panel life cycle energy inputs for production divided by expected panel lifetime ðMJ yr À1 Þ ¼ U solar ) derived from the fuel cycle analysis provides the basis for determining the total primary energy (renewable and non-renewable) used in the operation of the microgrid (E). This relationship is shown in Equation (3). A similar procedure was followed for combining combustion emissions with upstream emissions.
When only non-renewable fuel inputs are considered, the first and third terms in Equation (3) remain unchanged. } However, the second term, addressing hydrogen fuels, must be rewritten to remove the combustion of the hydrogen fuel (considered renewable, as described above) and to account for only the non-renewable portion of the upstream production energy (U 0 H 2 ). The revised calculation is shown in the following Equation (4):
For use in comparing alternative configurations or combination of units within the microgrid, a net energy ratio (NER) value was calculated. Several forms of a NER equation are available ; the values used here are calculated according to Equation (5), which provides an indication of the effectiveness of the system at leveraging non-renewable energy resources for long-term energy supply. Higher values of the NER indicate a more effective use of the existing energy infrastructure.
} As used here solar radiation is a function of both incident solar radiation and the area of the array. S=I Â A, where, I=average annual incident solar radiation (kWh m À2 yr
À1
), and A = area of the array (m 2 ). } Recall that the upstream energy use accounted for in the production of the photovoltaic system is derived from nonrenewable fuels. The microgrid and conventional systems are shown in Figure 2 . For the generator sets studied here, the heat to power ratio (HPR = Q i /3.6e i ) is such that excess heat generation is generally expected at the microgrid. Any heat generated that is not useable for the building load is assumed to be vented to the atmosphere. In calculating the NER under these conditions, the building thermal load is considered the maximum useable heat production and excess heat generation is not included in Equation (5). In this manner, all system configurations are compared at equivalent heat and electrical output to avoid comparisons of systems producing different levels of energy quality. However, control technology installed at the site may help better manage generator operations to more closely match building load and future partnerships may yield sources of demand for excess heat. Under future conditions, system boundaries will need to be carefully defined to avoid comparisons across systems with varying levels of energy quality.
RESULTS

Unit operating data
Data on the characteristic performance efficiency, fuel consumption, operating conditions, and emissions for each generator set were obtained from supplier interviews and specification sheets. In many cases performance data are based on scale-up of prototype results or limited field testing of equipment (Baron, 2004; Baron et al., 2004) . The relevant performance data for the generator sets considered here are shown in Table III . These data are generally consistent with expected operating performance for similar technologies. The reference case for all systems studied was a combination of the regional electricity fuel mix (local utility) and a conventional industrial thermal system. The regional fuel mix included 76.7% coal, 18.1% nuclear, 3.2% natural gas, 1.4% hydropower and other renewables, and 0.6% oil. The conventional thermal system includes a natural gas fired boiler with 75% efficiency.
For this model, the HPR for each generator set with CHP capabilities was taken at the maximum output level. The real-world operation of this or any microgrid would reflect the need to manage the HPR of individual operating units for seasonal factors. For example, units might be operated to maximize electrical output in the summer months and thermal energy output in winter months. This macro-scale analysis considers the maximum expected performance of each unit in terms of overall energy conversion. Greene and Hammerschlag (2000) .
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The exception to this is the photovoltaic generator set. Solar modules are available continuously and operate according to the available sunlight. Therefore, when the solar generator set is used it operates at a load factor of 100% with an average annual capacity factor of 16% based on estimated generation for continuous operation with solar radiation levels expected in Detroit.
The microgrid fuel cycle model was demonstrated in the investigation of three specific operating scenarios. In each case, a simple, single objective, linear optimization was performed to determine the set of generating unit load factors that best met the stated objective. Although other methods, such as genetic algorithms and simulated annealing, for heuristic optimization of energy supply systems have been demonstrated (Gonza´lez-Monroy and Co´rdoba, 2002) , the linear method employed here is consistent with the static performance data available for the microgrid. Other than the operating limits of the individual units the only constraint on the system was that the microgrid had to supply the complete heat (Q) and electrical (e) demand of the site. The hydrogen fuel source considered also varied between the scenarios. Specific scenario characteristics are provided in Table IV . This scenario establishes the combination of generator sets and load factors that will most efficiently convert energy sources into useable heat and electricity 2
Operate with minimum total CO 2 emissions using hydrogen sourced from the chlor-alkali plant This scenario establishes the minimum total fuel cycle CO 2 emissions levels possible when operating the microgrid. The use of hydrogen from the chlor-alkali plant provides the opportunity for the use of a low carbon, renewable fuel 3
Operate with minimum total CO 2 emissions using hydrogen sourced from the natural gas reforming plant
This scenario examines the total fuel cycle CO 2 emissions implications of using hydrogen from steam methane reforming. The only renewable fuel available in this scenario is solar power
Microgrid optimization
The total fuel cycle model was used to evaluate both the performance of the individual units in the NextEnergy Power Pavilion and their collective ability to efficiently meet site heat and power demand. For individual units, when hydrogen is sourced using renewable energy several generator sets are capable of providing electricity at high NER values. Table V provides results for individual units run at full capacity with no set heat or electrical load. Examination of the microgrid for meeting the site demand under the scenario conditions described earlier highlights the benefits of microgrid operation relative to conventional systems and the importance of hydrogen fuel source selection. Results for each simple optimization scenario are shown in Table VI . Scenario 1 demonstrates that reductions in energy use of 38% relative to a conventional system are possible for microgrid operation. In this case, the microgrid uses no hydrogen fuel, so the choice of a hydrogen source has no influence on the optimization. In Scenario 1, the microgrid produces 8% more thermal energy than required to meet the site demand. If a use is found for this heat, the total NER for this scenario would increase to 0.72. Scenario 2 shows that the ideal operation of the microgrid for minimum total CO 2 emissions includes the use of all available renewable energy technologies. These renewablefueled generator sets (H 2 fuel cells, H 2 engine and solar modules) do not have CHP capabilities; therefore one of the natural gas generator sets must also be used to achieve necessary thermal output levels. This configuration can provide for the thermal and electrical load of the building while emitting 60% less CO 2 than the reference conventional system. However, these operations result in a higher total energy use than was observed in the first scenario. Nevertheless, with 28% of energy input from renewable fuels the overall result is a more favourable NER. Scenario 3 indicates the limitations of hydrogen sourced from fossil fuels. In this case, total fuel cycle CO 2 emissions are minimized using a single natural gas engine and the solar modules. These results are identical to those observed in Scenario 1.
In order to further investigate the implications of the hydrogen source on the carbon emissions benefits of the microgrid, a scenario was run assuming the hydrogen stored on site at the NextEnergy Power Pavilion included a mix of hydrogen from the two sources (not shown in Table VI ). This analysis indicated that only when more than 65% of the hydrogen came from the chlor-alkali plant did the use of hydrogen in the microgird provide a net CO 2 benefit relative to running directly on natural gas. When 65.4% of the hydrogen is sourced from the chlor-alkali plant, the optimal annual generator set usage includes the solar panels (100%), the 150 kW NG engine (46.2%), and the H 2 fuel cells (36.1%). These conditions provide total fuel cycle CO 2 emissions identical to the all natural gas case (Scenarios 1 and 3) with a slightly lower NER of 0.66. Any increase in the percentage of hydrogen from renewable sources provides further reductions in total CO 2 emissions. } 100% operation of solar module represents continuous operation for one year; given local conditions, generation is expected to achieve 16% of rated capacity.
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Although not shown here, the objective of maximizing the use of renewable fuels in the microgrid produces results nearly identical to the scenarios for minimizing carbon dioxide emissions. With no available sources of renewable thermal energy, the microgrid will require some fossil fuel use to meet site demand. The operating conditions described in Scenario 2, provide the maximum NER for the NextEnergy Power Pavilion.
DISCUSSION
Microgrids can offer substantial energy and emissions advantages over conventional centralized power plants with regional grid systems and separate natural gas boilers. Total energy reduction potential of the microgrid studied here could be as high as 38%, while reductions in nonrenewable energy use could reach 51%. These results correspond to improvements of 60-102% in the system NER relative to conventional alternatives. Similarly, emissions of CO 2 , a key global warming gas, can be reduced by as much as 60% relative to conventional heat and power systems.
This modelling activity suggests hydrogen could play a key role in reducing demand for fossil fuels. However, a limited quantity of hydrogen is currently available as a co-product of the chlor-alkali process, and only a small number of these processes are driven by hydropower. Thus only a small quantity of renewable hydrogen fuel is currently available for use in microgrids or other distributed applications. Heavy reliance on fossil-fuel based hydrogen sources, such as steam methane reforming, would currently be required for any substantial expansion of hydrogen-fueled microgrids in the Detroit area. Substituting the more common natural gas hydrogen source for the hydrogen from hydropower results in overall requirements for fossil fuel greater than that required by the direct use of natural gas in combustion engines. Clearly, the identification of viable, large-scale, renewable sources of hydrogen is critical for maximizing the effectiveness of microgrids.
Under all conditions studied, the capability to provide simultaneous heat and power provides substantial advantage for the microgrid system relative to the conventional system. The ability to effectively manage a microgrid to efficiently match both heat and power demand, including seasonal factors and unexpected events, is also key to the success of these systems. Installing technologies appropriately sized to deliver necessary heat and power as efficiently as possible will maximize benefits relative to conventional alternatives.
This modelling activity provides an initial examination of the NextEnergy Power Pavilion. Future studies should examine other distributed generation and microgrid installations using the full fuel cycle perspective. Other analyses of this installation may also provide additional insights. Of particular interest would be the comparison between an economic optimization of microgrid operation and the environmental optimizations shown here. This type of analysis would help indicate where opportunities exist to deliver both financial and environmental benefits relative to conventional alternatives. Finally, future modelling of the NextEnergy microgrid should consider the transient operation of technologies. The estimation of benefits shown here likely overstates the benefits of microgrid operation due to the neglect of transient effects. Operating experience with the installed microgrid, combined with additional testing by suppliers and other users should provide the additional performance data required for development and verification of a more robust model. 
